Innovative
yet cost effective techniques to suppress rotor-generated noise are, therefore, of foremost importance for improving the noise signature of turbofan engines.
To that end, the feasibility of a passive porous treatment strategy to positively modify the tip-clearance flow field is addressed. The present study is focused on accurate viscous flow calculations of the baseline and the treated rotor flow fields. In addition, the simulated flow field for the treated tip clearly shows that substantial reduction in the intensity of both the shear layer roll-up and boundary layer separation on the wall is achieved.
Introduction

Significance of the Fan Noise Problem
Communities near airports are often exposed to high noise levels due to low flying aircraft in the takeoff or landing phase of flight. Propulsion noise is a major contributor to the overall radiated sound field. Each engine component, such as fan, turbine, and compressor, can produce significant levels of both tonal and broadband noise. With the advent of modern highbypass-ratio turbofan engines, however, the most prominent noise sources are associated with the fan.
These sources include rotor leading edge shocks, inflow disturbances/rotor interaction, rotor-wake/stator interaction, and tip-clearance vortexlstator interaction. Recently, the tip-clearance vortex has been identified as a significant contributor to rotor noise (Ganz et at.n).
Unfortunately, control and reduction of noise generated by the rotor-tip flow field has not received the full attention it deserves, primarily due to a lack of physical 
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These tests were directed toward identifying and separating the prominent noise sources in a typical high-bypass turbofan setting. The large test matrix included cases with the inlet boundary layer removed, fan only without a stator row, and fan-stator combination.
In each case, extensive surface pressure and acoustic measurements were obtained.
Based on an analysis of these measurements, it was determined that a) the highest turbulence intensities occur in a region close to the outer wall, b) rotor self-noise is significant even with a clean inflow and no casing boundary layer, c) rotor tip clearance affects rotor self-noise, and d) stator-generated noise is loudest of the significant sources, at least in the Boeing rig.
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According to the analysis by Ganz et Figure 3 . Schematic of tip-vortex convection and its interaction with stator (reproduced from Dittmarg). In addition, correlation of overall sound pressure level versus vortex swirl velocity indicated that the flap side-edge noise can be reduced by diminishing the peak swirl velocity. More importantly, the 8 dB reduction in the flap side-edge noise was realized with a minimal aerodynamic performance penalty. The porous treatment discussed above provides a viable passive control strategy whereby significant reductions in rotor-tip self noise can be realized with minimal penalty in fan efficiency. One added advantage of the proposed acoustic treatment is the concurrent suppression of tip-vortex/stator interaction noise due to lowering of the vortex swirl velocity.
Application of Passive Control for Clearance Noise Reduction
Applying porous treatment to the wing-tip area, Smith _8 
Flow conditions
Free stream quantities were used to normalize flow variables.
Free-stream velocity (U_) in the computations was set to obtain an approach Mach number of M = 0.12 compared to a value of M = 0.08 in the experiment.
The slightly higher value of M was chosen to ensure a better and faster convergence rate for numerical computations without introducing any compressibility effects that were absent in the experiment. The Reynolds number based on U_ and the rotor chord C was set to Re = 0.455×106 consistent with the experiment.
The rotor solid surfaces are treated as viscous and fully turbulent.
To match the effect of boundary layer removal in the experiment, inlet section flow on the bottom wall ahead of the suction slot is treated to be inviscid. Beyond the suction slot location, the flow adjacent to the bottom wall is assumed viscous and fully turbulent.
On the other hand, to reduce computational resources required, the entire top wall is assumed to be an inviscid surface.
Grid Distribution
Based on our initial computations with a trial grid, a good understanding of the tip-vortex evolution and its trajectory was obtained. 
Flow Solver and Turbulence Model
All simulations were conducted using the CFL3D The contours of the computed streamwise velocity U (see fig. 7 ) along the first planar cut at x/C, = 1.366 are shown in figure 10a and those of the experiment in figure lOb. Excellent agreement for the locations and magnitudes of the rotor wake and tip vortex is obtained.
In both cases, the vortex core velocity is slightly under 0.28. Vector plots of the computed and the measured secondary flow velocity components are shown in figures I la and lib, respectively. Vortex location and other local trends are captured accurately. A comparison between the computed and the experimental vortex core/wake locations at five planar cuts is shown in figure 13 . The position of the core was determined by searching for the lowest pressure locus inside the flow field away from the rotor sharp edges. Similarly, the wake position was found by locating the maximum velocity deficit• The agreement for the wake location is excellent throughout the region of interest. Therefore, the behavior of the tip vortex or the rotor wake at distances greater than x/C, = 3.0 is not significant for the present study. For simplicity, therefore, R was taken to be a constant in the present investigation.
To close the problem, one must specify the internal pressure distribution Pi,, (x,y,z), which is determined by the dynamics of the cavity region inside the porous surface. The simplest model for the cavity region that is consistent with the hypothesis of an open-area-ratio is to assume that the cavity pressure is uniform, with a value that lies in between the minimum and maximum pressures outside the surface. This uniform pressure is easily determined by imposing the constraint of passive that _PvndA =0 across the entire porosity, namely, porous region.
Numerically, the above constraint can be imposed by lagging the cavity pressure calculation behind the outer flow by a single iteration.
We found that the simpler approach based on a manual tuning of the cavity pressure at the end of every few hundred iterations also worked well in practice.
With just three or four instances of tuning the cavity pressure, the passive porosity constraint was satisfied for all practical purposes.
Application of Porous-Tip Treatment
The boundary condition described in section 4.1 was applied to the entire rotor-tip side-edge surface and the pressure and suction surfaces adjacent to this edge. The two relevant and adjustable parameters for fine tuning the effectiveness of the treatment are the spanwise extent of the treated surface area and the coefficient R, which determines the resistance of the perforated facesheet.
For the present work, the treated surface area on both pressure and suction sides is comprised of uniform strips that cover an area from the rotor's leading-edge to the trailing-edge and extend inboard two percent of the span.
The resistance coefficient R was fixed throughout the present study. The computation was terminated when the net mass flux through the overall porous surface was less than two percent of the mass flux through the treated segment along the suction surface of the airfoil.
The converged solution indicated that the primary path for the fluid forced inward through the pressure surface of the airfoil was toward the tip surface rather than to the suction surface of the airfoil. The magnitude of the normal flow velocities over the treated segments was generally less than two percent of the free-stream velocity. The relatively small magnitude of the transpiration velocity tends to support the assumption of uniform cavity pressure used during the computations. With such small surface velocity magnitudes, the desired local flow alterations in the tip region were realized while keeping the rotor's global characteristics (e.g., aerodynamic lift) virtually unaffected. As a preliminary proof of concept study, however, no systematic attempts at optimizing the relevant parameters were taken. Given the high level of success achieved with the present assigned values (as will be shown in the following section), we are confident that optimization of the porous treatment will provide further gains in noise reduction.
Results
For the purpose of rotor self-noise, prevention or delay of vortex roll-up process, reduction of vortex strength, and modification of the vortex trajectory near the tip clearance are of paramount importance for suppressing both tonal and broadband noise generation mechanisms.
A significantly weaker vortex will be less productive in terms of generating secondary unsteady flow on the casing wall and/or interacting with the rotor-tip edge.
As described below, the porous tip treatment advocated here can accomplish the necessary flow-field alteration without leading to any detrimental side effects.
The origin of the vortex and its subsequent trajectory for both treated and untreated rotor tips are shown in figure 16 . For reference purposes, the cross section of the rotor is also included in the figure. In the untreated case (solid line), the vortex is fully formed at 18 percent chord.
It gains strength rapidly in the downstream direction.
The The region of high shear manifests itself clearly at x = 0.5 ( fig. 19) 
14
AIAA-2001-2148
Vortex velocity profiles at x/C,, = 1.1 and 1.366 for both treated and untreated tips are shown in figure 23 . These profiles were obtained from cuts through the vortex core parallel to the bottom wall. Vortex rotational velocity profiles for the reduced tipclearance are shown in figure 25 along with the untreated and treated baseline profiles.
It is apparent that reducing the tip gap has significantly diminished the rotational velocity. The vortex is quite diffused, but its core diameter size remains unchanged relative to the baseline case.
The profile for the reduced gap also indicates that the vortex has shifted downward, closer to the upper sharp corner at the tip. This is an undesirable effect given the nature of the rotor selfgenerated noise. Similar reduction in the vortex rotational velocity can be observed from the profiles normal to the bottom wall ( fig. 26 ).
In particular, significant suppression of velocity adjacent to the wall occurs with reducing the clearance.
Assuming 
Conclusions
The overall goal of the present study was to demonstrate the effectiveness of a porous rotor-tip treatment toward the reduction of tip-clearance noise in a turbofan, including both tip-vortex/stator interachon noise and rotor-tip self noise. 
